The relationship between pH and heavy metal ion sorption by the biomass of two algal species was studied under controlled experimental conditions. It was observed that increasing heavy metal ion sorption by algal biomass with pH mainly arose from a change in algal cell properties, provided that the pH was below the level where the heavy metal ions started to precipitate. A drastic increase in metal ion sorption capacity ('inflection point') was observed at pH 4.5 for the algal biomass used in the study.
INTRODUCTION
In response to increasing metal toxicity concerns, the use of algal biomass has been shown to offer a potentially efficient method for the removal of heavy metal ions from wastewater or contaminated waters (Volesky 1990; Wilde and Benemann 1993; Kuyucak and Volesky 1990; Gadd 1990; Gadd and White 1993; Volesky and Holan 1995) . Some of the advantages of such systems include the high metal ion binding affinity of algal biomass; the ability to treat large volumes of wastewater due to rapid kinetics; high metal ion selectivity and affinity; relatively cheap and renewable biomaterials; and operation over a wide range of conditions (e.g. temperature, pH and the presence of other ions) (Wilde and Benemann 1993; Kuyucak and Volesky 1990; Turner et al. 1995) .
Many factors influence the behaviour of metal ion sorption by algae, including alkalinity, the presence of chelating agents (e.g. humic acid, EDTA, NTA, formaldehyde, glutaraldehyde), background ion concentration, metal ion and algal concentrations, reciprocal reactions of heavy metal ions, temperature, light, exposure time and pH (Liehr et al. 1994; Darnall et al. 1986; Knauer et al. 1997a,b; Koelmans et al. 1996; Matheickal and Yu 1996; Vymazal 1995; Harris and Ramelow 1990; Hashim et al. 1997; Simons Goncalves et al. 1988; Ting et al. 1991) . However, possibly the most important single parameter influencing metal ion sorption is pH (Wilde and Benemann 1993),
MATERIALS AND METHODS

Materials
The algal strains used were tropical fresh-water species, identified as Oocysis sp. (dimensions, ca. 5 m 7 m) and Chlorococcum sp. (average diameter, 5 m). The algae were cultured at a light intensity of 5000 lux and room temperature (ca. 28 C), employing a culture media composition as recommended by Ting et al. (1989) . The heavy metals were all used as the chloride salts (CdCl 2 1.5H 2 O, CuCl 2 2H 2 O, PbCl 2 H 2 O and ZnCl 2 ).
Design of experiments
The batch experiments were sub-divided into three parts. The first part (Tests 1 and 2 in Table 1 ) was designed to test the effects of pH on Cd 2 and Cu 2 ion sorption capacity by fresh Oocysis sp. over a wide range of initial pH values (i.e. 2.5-10.5 for Cd 2 and 2.5-8.5 for Cu 2 ). A parallel series without the addition of algae was conducted as a control to study precipitation of the metal ions. The second part (Tests 3-14 in Table 1 ) employed different initial pH levels and different heavy metal ion species and algae to observe the general relationships between sorption and the final change in pH after a 72-h sorption process (preliminary experiments having indicated that 72 h was sufficient to attain sorption equilibrium). The third part (Test 15 in Table 1 ) was designed to observe the relationship between the changing course of pH and the kinetics of metal ion sorption. Thus, the pH of the solution was measured and samples of the solution (20 ml) taken at known times (0.08, 0.17, 0.33, 0.5, 1, 2, 4, 21, 26, 45 and 72 h) to allow the residual Cd 2 ion concentration in the bulk solution to be obtained. A parallel series of Cd 2 ion solutions with the same initial pH but without the addition of algae was used as a control. In addition, the change in pH was measured at selected time intervals (0.08, 0.25, 0.5, 2, 24, 48 and 72 h) for four samples in Tests 10-12 (refer to Table 1 ).
Experimental procedures
Algal cultures were first harvested by centrifugation or filtration (employing a 0.45-m membrane). The biomass was then rinsed three times with deionized distilled water (DDW) and then adjusted to a known volume. A certain known amount of this algal biomass was added to a series of 500-ml flasks containing a nutrient-free solution of heavy metal ions. The corresponding species and concentrations of algal biomass and heavy metal ions employed for each set of experiments are listed in Table 1 . Chlorococcum Zn 2 6.5 5, 10 8.5-130 12 15
Chlorococcum Cd 2 3.5, 5.5, 6.5 a 10 325 3 2 a pH adjusted separately before mixing algal suspension with metal ion solution.
The pH values of the contents of all the flasks were determined and, if necessary, adjusted to the desired level by the addition of NaOH or HCl solution. An exception was made in the case of Tests 10, 11, 12 and 15 (refer to Table 1) where the pH values were adjusted separately for the algal mass and metal ion solutions before mixing. The flasks were then placed on a shaker and subjected to a rotational velocity of 60-80 rpm for 72 h at room temperature (ca. 28 C), with shaking only being suspended when samples were taken at the various time intervals mentioned above. After measurement of the final pH, the samples were filtered through the 0.45-m filter membranes, with both the algae-free solution (filtrate) and the membrane contents being collected to allow measurement of the residual metal ion concentration and the metal ion content in the algal biomass.
Measurements of the pH values were made using a digital Horiba F-22 pH meter. Algal biomass was measured as the dry weight (after filtration onto the 0.45-µm membrane filters, drying at 103°C for 24 h and cooling in a desiccator for 24 h before weighing). The metal ion concentrations in solution and in the algal biomass were measured with an AA-6701F Shimadzu atomic absorption spectrophotometer using the continuous flame mode. To allow measurement of the metal ion content in the algal biomass, the filter membranes plus algae were digested with conc. HNO 3 on an electrothermal plate placed in a hood until the sample solution became colourless [modification of the procedure recommended by Ting et al. (1989) ]. The digested samples were then diluted with DDW to ensure that the corresponding metal ion concentrations were within the measuring range of the instrument.
RESULTS AND DISCUSSION
Effect of pH on the sorption capacity of algae
Although it has been well documented that pH has significant effects on the solubility of heavy metal ions and the sorption capacity of algae towards these ions (Matheickal and Yu 1996; Ting et al. 1991; Vymazal 1995; Da Costa and De Franca 1996; Hashim et al. 1997) , the manner in which pH affects the metal ion sorption capacity may differ depending on the species of algae employed, the metal ions studied and their various combinations.
The experimental results of Cd 2 and Cu 2 ion sorption by live Oocysis sp. algal biomass depicted in Figure 1 indicate that, as expected, the total metal ion content per unit weight of algal biomass increased with increasing pH for both Cd 2 and Cu 2 ion solutions. However, pH had a different influence on the relative significance of the two main factors affecting this increase in metal ion content in the algal biomass, viz. the net sorption capacity of the algal biomass (i.e. the affinity of the metal ions to algae) and the metal ion solubility. On comparing the total metal ion content in the algal biomass and the metal ion content in the algal biomass after subtracting the extent of precipitation (Figure 1 ), it may be concluded that, below a pH value of 8.5 for the Cd 2 ion and a pH value of 6.5 for the Cu 2 ion, the change in the surface properties of the algal cells caused by increasing pH mainly contributed to an increase in the metal ion content per unit weight of algal biomass. It should also be noted that a sharp increase in the metal ion content occurred at a pH value of ca. 4.5 for both Cd 2 and Cu 2 ion sorption by the Oocysis sp. biomass.
Measurements of the zeta potential (Hashim et al. 1997 ) and electrophoretic mobility (EPM) (Schiewer and Volesky 1995) of algal cells have shown that functional groups on the algal cell surfaces (-COO , -OSO 3 , -O ) carry a higher negative charge at higher pH values, e.g. Chlorella vulgaris cells exhibited an increasing net negative zeta potential at pH values greater than 3.5 (Hashim et al. 1997) . Schiewer and Volesky (1995) reported similar EPM results with the algal biomass of Sargassum fluitans, which acquired negative charges within the pH range 2.0-6.0. In another study, it was observed that the binding efficiency of the Cu 2 ion increased rapidly with pH value within the range 3.0-5.0, with a maximum occurring at pH 5.0 and a sorption edge (i.e. the greatest change in sorption within a narrow pH range) between pH 4.0 and 5.0 (Harris and Ramelow 1990).
A similar pattern of metal ion sorption capacity as a function of pH was observed for Cd 2 and Zn 2 ions with the sorption edge again occurring between pH 4.0 and 5.0. The binding efficiencies of these metal ions were greatest at pH 7.0 but decreased as the pH increased further (Harris and Ramelow 1990). Hence, the results of the present study are consistent with those of Hashim et al. (1997) , Schiewer and Volesky (1995) and Harris and Remelow (1990) in terms of the general pattern of the relationship between metal ion sorption ability and pH. It may also be inferred that the narrow pH range for the sorption edge corresponds to the inflection point in the plot of zeta potential versus pH. It should be noted, however, that the inflection point might be different for different algal species and under different experimental conditions (e.g. ionic strength). In our study, an inflection point was observed at a pH value of ca. 4.5 for the Oocysis sp. biomass (Figure 1) .
However, the increasing metal sorption at higher pH can also be explained in terms of ion exchange between the targeted heavy metal ions and metal ions (e.g. K , Na , Ca 2 ) originally bound to the functional groups on the algal cell surface (Crist et al. 1990 (Crist et al. , 1992 (Crist et al. , 1994 . Since the important functional groups (i.e. carboxy and sulphonate) are ionizable, they will form an electrical double layer with either a negative or positive charge depending on the pH. When the pH is higher than a certain value related to the algal species and experimental conditions (e.g. ionic concentration), the electrical double layer will take on a negative charge and, consequently, attract positively charged heavy metal ions. In order to keep the system at 'zero net charge', the heavy metal ions thus attracted will lead to the release of an equivalent number of other positive ions (K , Na , Ca 2 ), i.e. exchange will occur between the heavy metal ions and metal ions originally bound to the algal cell surface. Hence, static electrical attraction (coulombic attraction) and ion exchange can be considered as describing the same phenomenon via different approaches. The initial concentrations of both Cd 2 and Cu 2 ions were 10 mg l for the two experiments, while the concentrations of algal biomass were 85.4 mg l and 151.8 mg l, respectively. Two parallel tests were conducted without addition of algal biomass as controls.
Effects of metal sorption on pH
Both the initial pH and the final pH (after sorption equilibrium had been attained) were measured for the algae-metal ion systems studied, with the change in pH being plotted against the extent of metal ion removal. The results obtained (Figures 2-5 ) indicated that the influence of pH appeared rather complicated, with the relationship relating the change in pH and the extent of metal ion removal being incapable of being fitted to a simple model. This is understandable because of the logarithmic nature of pH and because the pH was both the 'cause' and 'effect' of metal ion sorption, i.e. there is a mutual relationship between pH and metal ion sorption. However, some general characteristics can still be deduced from the results of experiments conducted with different species of heavy metal ions and algal biomass.
Firstly, an increase in pH (i.e. equilibrium pH being higher than the initial pH) was observed for the sorption of the four species of metal ions studied (Cu 2 , Zn 2 , Cd 2 and Pb 2 ) by the 530 Ying-Zhong Tang et al. Adsorption Science & Technology Vol. 21 No. 6 2003 Figure 2. The relationship between the final pH change and the extent of Cu 2 ion sorption by the biomass of (a) Oocysis sp. or Chlorococcum sp. for initial pH values of 3.5 and 4.5, and (b) Chlorococcum sp. for an initial pH value of 5.5 at three different Cu 2 ion concentrations. The concentrations of metal ion (C 0 ) and algal biomass refer to the data recorded in Table 1. two strains of algae when the initial pH levels were within the range 3.5-7.0 [Figures 2(a) , 3, 4 and 5]. Literature reports indicate that a pH increase from 3.5 to 6.0 was observed for the sorption of metal ions by the raw algal biomass of Sargassum fluitans (Schiewer and Volesky 1995) . Such an increase in pH during the course of heavy metal ion sorption could be explained by different mechanisms. Schiewer and explained this behaviour by the binding of protons from the solution during release of the ionic species originally bound to the algal biomass. However, this explanation was not feasible when the concentration of protons in the solution was much lower than the concentration of positive ions originally bound to the algal biomass, the latter being roughly calculated from the extent of metal ion removal from the solution. Nevertheless, still within the framework of an ion-exchange mechanism, the increase in pH during the course of heavy metal ion sorption may be explained by exchange between the original metal ions (Na , K , Ca 2 ) bound to the functional groups on the algal cells and weak basic heavy metal ions. This will lead to an increase in pH of the bulk solution from the corresponding shift in the hydrolysis equilibrium of the heavy metal ions. The ion-exchange mechanism can also explain the decrease in pH observed after metal ion sorption by pre-protonated algal biomass (or by raw algal biomass under lower pH conditions) as observed by other authors (Schiewer and Volesky 1995; Crist et al. 1990; Holan and Volesky 1994; Yang and Volesky 1999a) , since the dominant exchangeable ions on the pre-protonated algal cells now are protons instead of basic metal ions (e.g. Na , K and or Ca 2 ions). The release of such protons will lead to a decrease in the pH value.
Secondly, the results obtained indicate that a positive but not linear correlation existed between the pH increase and heavy metal ion removal [Figures 2(a) , 3, 4 and 5], especially at lower pH levels (i.e. 3.5-4.5). At lower levels of metal ion removal, this relationship could be fitted to a linear, positive correlation, such as that observed for Cu 2 ion sorption by the two types of biomass at pH 3.5 [ Figure 2(a) ], for Zn 2 ion sorption by Chlorococcum sp. at pH 4.5 (Figure 3 ) and for Pb 2 ion sorption by Chlorococcum sp. at pH 3.5 ( Figure 5 ). However, at higher levels of metal ion removal, the pH increase attained a saturated level as in the removal of Zn 2 ions by Chlorococcum sp. at pH 6.5 and by Oocysis sp. at pH 7.0 (Figure 3) , and for Pb 2 ion removal by Oocysis sp. at pH 5.5 ( Figure 5) . However, because different heavy metal ion species have different equilibrium hydrolysis constants and different algal species have different ionic compositions on their cell surfaces, at the same initial pH and the same extent of metal ion sorption (in mmol l), the final increase in pH varied with the type of metal ion and the species of algae studied [e.g. refer to Cu 2 ion sorption by Oocysis sp. at pH 4.5 [ Figure 2 (a)] and Pb 2 and Zn 2 ion sorption by Chlorococcum sp. at pH 4.5 (Figures 3 and 5) ]. This variation in pH increase with metal ion removal can also be understood in terms of the ion-exchange mechanism. Below a certain pH level, the greater the sorption of heavy metal ions (and hence the greater the release of the original ions attached to the algal cell surfaces), the greater the shift in the hydrolysis equilibrium of heavy metal ion and hence the greater the increase in pH of the system. 532 Ying-Zhong Tang et al. Adsorption Science & Technology Vol. 21 No. 6 2003 Figure 5 . The relationship between the final pH change and the extent of Pb 2 ion sorption by the biomass of Chlorococcum sp. at initial pH values of 3.5 and 4.5, and Oocysis sp. at an initial pH value of 5.5. The concentrations of algal biomass refer to the data recorded in Table 1. However, the pH change may also exhibit a negative correlation with metal ion removal [ Figure 2(b) ]. The data depicted in this figure show when Cu 2 ion sorption was conducted at an initial pH of 5.5, the pH change showed a negative linear correlation with Cu 2 ion removal [R 2 = 0.98, 0.99 and 0.99, respectively, for the three Cu 2 ion concentrations studied (initial metal ion concentrations of 5, 10 and 15 mg l, respectively)]. An increase in pH from its initial level was still observed when Cu 2 ion removal was low. At higher levels of metal ion removal, this negative correlation led to the change in pH acquiring negative values (i.e. the final pH was lower than its initial value) [ Figure 2(b) ]. This phenomenon can be explained by taking both the ion-exchange mechanism and the particular nature of the copper ions into account. An increase in the pH from 5.5 to above 6.0 would enhance the hydrolysis of the Cu 2 ions in solution and, consequently, lead to a decrease in the pH value (refer to Figure 1) .
Taking both the positive and negative relationships between the final change in pH and the extent of metal ion removal presented above into account, it may reasonably be inferred that the increase in pH due to the release of original attached ions (Na , K , Ca 2 ) could reach such a level that hydrolysis of the heavy metal ions could be enhanced. As a consequence, this would lead to a smaller increase in pH or even a negative change at higher levels of metal ion removal [ Figure 2 
From above discussion, it is possible to infer a 'positive feedback' for the relationship between pH and heavy metal ion sorption: From the application point of view, this 'positive feedback' would assist the removal of heavy metal ions, as the increase of pH would enhance metal ion sorption by algae and metal ion hydrolysis provided that the initial pH was high enough to influence the heavy metal ion species concerned.
Relationship between the changing course of pH and the kinetics of metal ion removal
In order to provide further verification of the above observations and explanations, especially for the results of Cu 2 ion sorption by Chlorococcum sp. at pH 5.5 [ Figure 2 (b)], another experiment was conducted to compare the kinetics of Cd 2 ion sorption by Chlorococcum sp. with the changing course of pH at different initial pH levels ( Figure 6 ). In this experiment, the pH values of both the algal suspension and the metal ion solution were adjusted separately to the desired levels before mixing.
At low initial pH levels (e.g. 3.5 and 5.5), the pH measured immediately after mixing the algal solution with the metal ion solution only differed by a small amount from the expected value (i.e. a pH difference of 0.02 for pH 3.5 and of 0.10 for pH 5.5) (equivalent proton concentrations of 1.49 10 5 and 8.18 10 7 M, respectively) [Figures 6(a) and (b)]. The same phenomenon was also observed for Pb 2 ion sorption by Chlorococcum sp. at pH 4.5 (Tests 11 and 12 in Table 1 ) [Figure 7(b) ]. This may be explained by the preferential exchange of the added metal ions with bound protons on the algal biomass at the beginning of the sorption process, since the functional groups on the algal biomass would be protonated to a greater extent at lower rather than higher pH levels (Crist et al. 1990 ). With increasing time and proceeding ion exchange, the original metal ions on the algal cell surfaces would be exchanged to a greater extent and, consequently, the decrease in heavy metal ion concentration in the bulk solution (as shown by the increase in heavy metal ion removal) would lead to an increase in pH ( Figure 6) . Again, the same changing course of pH was observed in Pb 2 ion sorption by Chlorococcum sp. at pH 3.5 and 4.5 (Figure 7) . However, the lower initial pH levels involved in this case (i.e. 3.5 and 4.4) were such that the increase in pH was insufficient to reach the value necessary to hydrolyze the Pb 2 ions and hence a pH decrease was not observed as in the case of Cd 2 ion removal [Figures 6(b) and (c)]. This explanation is supported by the observation that the residual concentration of Cd 2 ions in the solution was still decreasing with time (shown as higher percentage removal) when the pH value started to decrease [Figures 6(b) and (c)]. This result is consistent with the relationship between the final pH change and Cu 2 ion sorption at an initial pH of 5.5 as discussed above [ Figure 2(b) ]. The results on the change of pH with time also support 534 Ying-Zhong Tang et al. Adsorption Science & Technology Vol. 21 No. 6 2003 Figure 6 . The pH change with time during Cd 2 ion sorption by the fresh algal biomass of Chlorococcum sp. at (a) pH 3.5, (b) pH 5.5 and (c) pH 6.5. The initial Cd 2 ion and biomass concentrations were 10 mg l and 325 mg l, respectively.
Figure 7.
The pH change with time during Pb 2 ion sorption by the fresh algal biomass of Chlorococcum sp. at (a) pH 3.5, employing initial Pb 2 ion concentrations of 5.2 and 9.9 mg l for the two samples, respectively, and corresponding biomass concentrations of 108 and 101 mg l, respectively, and (b) pH 4.5, employing initial Pb 2 ion concentrations of 5.9 and 10.6 mg l for the two samples, respectively, and corresponding biomass concentrations of 139.5 and 225 mg l, respectively. ions start to precipitate. A drastic increase in the metal ion sorption capacity ('inflection point') was observed at pH 4.5 for the algae used in this study (Oocysis sp.). 2. The mutual effects between pH value and metal ion sorption observed with the four species of heavy metal ions (Cd 2 , Cu 2 , Pb 2 and Zn 2 ) and two algal species (Oocysis sp. and Chlorococcum sp.) studied may be explained in terms of ion exchange and coulombic attraction between the heavy metal ions and the algal biomass. However, such an explanation does not exclude other mechanisms which may also be dominant, such as the active uptake of metal ions into the algal cell at very low heavy metal ion concentrations. 3. On the basis of the observed relationship between the final change in pH and the extent of metal ion sorption, and also the relationship between the changing course of pH and the kinetics of metal ion sorption, the present study also suggests a 'positive feedback' for the mutual effects between the initial pH and heavy metal ion sorption at higher initial pH levels. Under these circumstances, it is possible that the increase in pH induced by the release of the initial metal ions (Na , K , Ca 2 ) attached to the algal surface could eventually lead to or enhance the hydrolysis of heavy metal ions. This, in turn, would lead to a pH decrease. 4. The results obtained in this study could be useful for pH management in a system involving the sorption of metal ions by algae. However, further studies are necessary to establish the exact quantitative relationship between pH change and heavy metal ion removal by algae.
